We present a comprehensive examination of the occupied surface-weighted band structure of Mo(112) along the two high-symmetry directions of the surface Brillouin zone, both from theoretical and experimental perspectives. The band structures are found to be significantly different for the states along the two high-symmetry directions and for the states with even and odd reflection parities with respect to the mirror planes. The present study suggests the existence of a number of surface-weighted bands along both high-symmetry directions. The complexity of the band structure near the Fermi level may impose potential difficulties in experimental determination of the electronphonon coupling parameters based on the effective mass enhancement distortion (or kink) in the energy-band dispersion, in the vicinity of the Fermi level, for several surface resonance bands of Mo(112).
I. INTRODUCTION
The surfaces of molybdenum are among the most studied in surface science, yet the detailed picture of their electronic structures as well as their many-body interactions remains incomplete. Surface states and surface resonance states in solids have a very long history, [1] [2] [3] [4] [5] [6] and the existence of surface resonance states was first verified for Mo(100) in 1977 7, 8 and subsequently characterized in more detail both theoretically and experimentally. 9 More recently, high-resolution angle-resolved photoemission spectroscopy (ARPES) made it possible to extract the detailed surface band structures of solids, which led to the elucidation of many-body interactions and their effects on the electronic structures of molybdenum surfaces. 10, 11 In particular, theoretically predicted small yet characteristic band renormalization and quasiparticle lifetime effect due to electron-phonon coupling was first experimentally identified on Mo(110) in 1999. 10 The detailed characterization of the surface band structures near the Fermi level is particularly important in evaluating the effects of electron-phonon coupling in any material. Such an effect is most pronounced within the Debye energy k B D , which is several tens of milli-electron volts for transition metals. Electron-phonon coupling for the surfaces of molybdenum may provide insights into various kinds of surface structural phase transitions. In particular, the Mo(100) surface [12] [13] [14] [15] [16] [17] [18] [19] is well known for the surface reconstructions, driven by Peierlslike instability [20] [21] [22] [23] [24] that results from the surface charge density wave transition due to the nesting of the Fermi surfaces. The Mo(112) surface, on the other hand, has a very anisotropic in-plane band structure [25] [26] [27] [28] [29] with strongly surface-weighted density of states. It is important to note that Mo(112) exhibits a significant surface relaxation, in which interlayer distances show large variations (e.g. >15% contraction for the first two layers from the surface) from the bulk-truncated value. 28, 30, 31 The surface charge density of the Mo(112) substrate is a significant factor in the formation of well-ordered quasi-one-dimensional structures, such as seen for Li/Mo(112), 32, 33 Sr/Mo(112), [34] [35] [36] [37] Ba/Mo(112), 38 and Gd/Mo(112), 39 where overlayer systems have in common very large lateral distances between the adjacent atomic chains, favorable for the quasi-one-dimensionality. 40 Yet to understand the rich physics of these ordered quasi-one-dimensional overlayers, the details of the Mo(112) band structure must be understood and thus drives us to reexamine the band structure of Mo(112) in far greater detail than before.
II. EXPERIMENT
High-resolution angle-resolved photoemission spectroscopy (ARPES) was performed at the linear undulator beamline (BL-1) 41 of Hiroshima Synchrotron Radiation Center (HiSOR) at Hiroshima University, Japan. The surface of the Mo(112) sample was cleaned by the standard method of repeated annealing (at ∼1400 • C) in oxygen atmosphere with the oxygen partial pressure of ∼1 × 10 −6 torr, followed by cycles of annealing at 1000-1300 • C and flashing at ∼1800 • C, similar to the procedures used elsewhere. [25] [26] [27] [28] 42 Low-energy electron diffraction (LEED) and Auger electron spectroscopy (AES) were used to verify the quality of the Mo(112) surface, including the periodic structural order. The amount of surface contamination, such as C and O, were evaluated to be below the detection limit of the AES.
The high-resolution ARPES spectra were taken along the two high-symmetry lines (¯ −X and¯ −Ȳ directions) of the surface Brillouin zone (SBZ), schematically illustrated in Fig. 1 , with the sand p-polarization geometries (with the electric field vector of the incident plane-polarized light parallel to the surface and within the plane containing the surface normal, respectively). The ARPES experiments were carried out using an angular (display) mode of the hemispheric electron analyzer (R4000, VG-Scienta) with the acceptance angle of ± 15 • . The experimental band-structure mapping was performed using the incident photon energy ofhω = 22 eV. The combined energy resolution was estimated to be 10 meV, and the angular resolution was 0.3 • , corresponding to the wave vector resolution of 0.01 ± 0.001Å −1 at the Fermi level. The obtained ARPES spectra were not seen to be completely symmetric about¯ in the p-polarization geometry, which likely derives from the small misalignment of the sample. In addition, the electromagnetic field component perpendicular to the surface may vary due to the presence of a vacuum-solid interface, which may give rise to a nontrivial dependence of the photoemission matrix elements on photon incident angle [43] [44] [45] [46] [47] [48] [49] [50] so that, in photoemission from surfaces for p-polarized geometry, there could be some apparent variation in the occupied band intensities measured as a function of wave vector. For this reason, we have taken the averaged experimental band mapping on both sides of¯ . Thus, Figs. 2(b) and 2(e) represent the band structure along¯ −X integrated over a finite thickness in k y . The temperature of the sample was maintained at 50 K 51 throughout by a constant flow of liquid helium. Throughout the discussion, the binding energies are referenced to the Fermi energy (E F ), in terms of E F − E.
III. THEORETICAL METHODOLOGY
The ARPES band mapping has been compared to DFT semirelativistic calculations in generalized gradient approximation (GGA) 52 performed with the ABINIT 53 package using Troullier-Martins norm-conserving pseudopotentials. 54 The periodicity in the direction normal to the surface was maintained by adopting the repeat-slab model. The slabs were built of 7 layers of Mo(112) atomic planes. The vacuum gap was about 10Å. The optimizations of the atomic positions were performed until all forces became less than 0.05 eV/Å. The energy cutoff of 20 Hartrees (Ha) and 8 × 5 × 1 Monkhorst-Pack set of special k points provided the 0.001 Ha convergence of the total energy. The band structure along the high-symmetry lines in the SBZ was calculated with a small step (0.036Å −1 , corresponding to 33 k points within thē −X line), which was found to be important to reveal the details of surface resonance bands in vicinity of E F .
Surface weights for every band and k point were estimated by integration of the partial local electron density within the atomic spheres (with r = 2.5 Bohr), using postprocessing tools of the ABINIT. As the next-to-surface atomic layer of the open Mo(112) surface can, in fact, also be attributed to the surface, the surface resonances correspond to the localization of the wave function within the first two surface layers. Some surface-derived states were found to be strongly localized to the top two surface layers (with weights of more than 90%), as discussed below. The symmetry of the surface bands was determined from the dominant partial weights of the states decomposed into spherical harmonics at the surface atoms.
Additional band-structure calculations based on 9-and 13-layer-thick slabs of Mo(112) were performed in order to minimize the possible misinterpretation of the computational artifacts of the of the 7-layer slab calculation. Although the 7-layer slab calculation should reproduce most of the essential features of the band structure derived from the surface, these additional calculations serve to distinguish the possible artificial surface resonances (i.e. arising solely due to the limited slab thickness) from the real surface resonances.
In order to further distinguish the surface ARPES spectral contribution from the pure bulk states, the bulk band structure projected onto the (112) surface was also calculated. In this calculation, the Mo unit cell was constructed such that the projected two-dimensional Brillouin zone matched the surface Brillouin zone (SBZ) of Mo(112). The projector augmented-wave (PAW) 55 Perdew-Burke-Ernzerhof (PBE) 52 pseudopotential within the density functional theory (DFT) band structure approach as implemented in VASP code 56, 57 has been utilized. Mo 4p, 4d, and 5s are treated as valence orbitals in the pseudopotential. The kinetic energy cutoff of 340 eV and 8 × 12 × 4 Monkhorst-Pack 58 k points were taken for Brilluoin zone sampling.
IV. THE BAND STRUCTURE ALONG THE TWO HIGH-SYMMETRY DIRECTIONS OF MO(112)
Utilization of linearly polarized light, as is available from synchrotron light sources, enables us to exploit the dipole selection rules for the photoemission process and allows us to clarify the symmetry properties of the electronic states in solids. [59] [60] [61] For the photoemission from the electronic states of Mo(112), the pertinent point group symmetry is C 2v at¯ ,X,Ȳ, and C 1h along the two high-symmetry directions (¯ −X and −Ȳ). Assuming that the final state of photoemission can be described by the plane-wave traveling to the photoelectron analyzer, the photoelectrons in the final state transform as the fully 155435-2 TABLE I. The dipole selection rules for the electronic states at¯ ,X,Ȳ points (C 2v ) and along the¯ −X and the¯ −Ȳ directions (C 1h ).
High symmetry
Irreducible representations Allowed initial symmetries c points and lines a Symmetry group
a The x and y axes are defined parallel to¯ −X and¯ −Ȳ, respectively, and the z axis is along the surface normal direction. b The irreducible representations in each point group are listed with the representative rectangular representations in parentheses. c Allowed initial state symmetries in the photoemission are listed for each direction of incident light polarization determined by the vector potential A. For the ARPES taken along the¯ −X direction, the vector potential in the s-polarized geometry only has a y component, and that of the p-polarized geometry has the mixture of x and z components. Similarly, for the ARPES taken along the¯ −Ȳ direction, the vector potential in the s-polarized geometry only has an x component, and that of the p-polarized geometry has the mixture of y and z components. The final state of photoemission is assumed to be described by a plane wave, which transforms as the fully symmetric representations, A 1 and A , in both symmetry groups of C 2v and C 1h , respectively. symmetric representation in both groups of C 2v and C 1h . Under these assumptions, we may identify the symmetries of the initial states allowed to make a photoemission transition. [59] [60] [61] These allowed initial symmetries are summarized in Table I according to the directions of light polarization. Note that, throughout the present discussion, the coordinate axes are defined so that the 111 direction (the¯ −X direction in SBZ) coincides with the x axis and the 1 10 direction (thē −Ȳ direction in SBZ) coincides with the y axis. Since the direction of light incidence and photoelectron detection lie within the same plane (xz plane for the spectra taken along the¯ −X direction and yz plane for the spectra taken along thē −Ȳ direction), the vector potential of incident light in the p-polarization (s-polarization) geometry lies in the xz plane (y axis) for the spectra taken along the¯ −X direction and lies in the yz plane (x axis) for the spectra taken along thē −Ȳ direction.
A. The band structure along the¯ −X direction
While two bands have been observed to cross the Fermi level at 0.45 ± 0.05 and 0.59 ± 0.05Å −1 along the¯ −X direction in ARPES, 25, 26, 28 with the higher resolution and improved sensitivity of ARPES, three additional bands can now be observed and resolved crossing the Fermi level along the¯ −X direction, as seen in the experimental band structure in Fig. 2 . Figure 2 (b) shows the ARPES band mapping taken along the¯ −X direction with the p-polarized geometry. Four bands are found to cross the Fermi level (labeled as p 1 , p 2 , p 3 , and p 4 ). The Fermi level crossings of the p 1 and p 2 bands are identified to be 0.47 and 0.60Å −1 , respectively, and are consistent with the previously observed values. 25, 26, 28 The newly found bands, labeled as p 3 and p 4 , are seen to cross the Fermi level at 0.64 and 0.81Å −1 , respectively, as summarized in Table II . It is known that for the electronic states along the¯ −X direction, the symmetry of the wave function can be classified either as even (A representation) or odd (A representation) with respect to the reflection about the xz plane. Since the incident light polarization lies within the xz plane for the p-polarized geometry, the selection rule (Table I ) reveals that the light can only excite the electrons from the states with even reflection parity about the xz plane (A ). Thus, the four bands seen to cross the Fermi level in Fig. 2 (b) are experimentally identified as even states for the binding energies near the Fermi level.
The results of the band-structure calculation based on the 7-layer slab model are shown in Fig. 2(a) , and the calculated surface weights (defined here as the charge localization within the first two layers) near the Fermi level for selected bands are summarized in Table II . In Fig. 2(a) , the states with noticeable surface weight are marked with blue symbols, and among those surface-weighted states, the clearly identified even states (A ) are marked with blue circles. The calculated band structure has been overlaid on the experimental ARPES band mapping, as shown in Fig. 2(c) , and the respectable quantitative agreement is obtained between the theoretical and experimental band structures except for the p 3 band.
Among the four bands experimentally observed crossing the Fermi level along the¯ −X direction, the band labeled p 1 was found to exhibit noticeable photon energy dependence.
Although this band (p 1 ) is seen to cross the Fermi level at 0.47Å −1 at the photon energy of 22 eV [ Fig. 2(b) ], the Fermi level crossing of this band is found to be 0.40Å −1 at the photon energy of 50 eV and variously reported to be crossing the Fermi level with wave vectors as high as 0.54Å −1 . 11, 28 Such photon energy dependence indicates dispersion of the p 1 band along k ⊥ (the wave vector perpendicular to the surface) and suggests the bulk origin of the band. This identification is supported by the relatively small surface weight of 51% in the band-structure calculation, as summarized in Table II . Figure 3 (b) shows the projected bulk band structure along thē −X direction in which the calculated band structures at 10 different k ⊥ are overlaid. Since this calculation shows the high density of bulk bands that gives quantitative agreement with the p 1 band in ARPES band mapping, it serves to further confirm the bulk band structure origin of the p 1 band.
The p 2 band, with the Fermi level crossing at 0.60Å −1 (experiment), was found to be sensitive to a small amount of surface contamination (the intensity of this band was seen to vary, while those of the other bands remained nearly constant). Such surface sensitivity of the p 2 band most likely derives from the fact that it carries a strong surface weight (78% as shown in Table II ), and it can be seen in Fig. 2 (c) that the calculated position of the band as well as its Fermi level crossing (k F = 0.58Å −1 ) are in good agreement with the experiment. Since the projected bulk-band calculation, shown in Fig. 3(b) , indicates no bulk band that exhibits the dispersion of the p 2 band in ARPES band mapping, evidently this band should not be identified as a bulk band. For these reasons, the p 2 band must largely be surface in origin and should be identified either as a surface resonance or true surface state of the Mo(112) surface. The further theoretical analysis revealed that the dominant orbital contributions to this band are of d z 2 and d xz character, leading to the even reflection parity of the wave function near the Fermi level, which is consistent with the enhanced intensity of this band in the p-polarized spectrum and the diminished intensity in the s-polarized spectrum [ Fig. 2(e) ].
The p 3 band, with the Fermi level crossing at 0.64Å −1 (experiment), is evident in the ARPES band mapping, but not reproduced in the band structure calculation based on the 7-layer slab model [ Fig. 2(c) ]. On the other hand, the calculated projected bulk band structure [ Fig. 3(b) ] clearly shows the presence of the densely spaced bulk bands in qualitative agreement with the p 3 band in observed in ARPES [ Fig. 2(b) ] in terms of both the position and the dispersion. Therefore, the band labeled p 3 (Fig. 2) likely originates from the bulk-band structure.
The p 4 band [ Fig. 2(b) ], with the Fermi level crossing at 0.81Å −1 (experiment), was also found to exhibit surface sensitivity in the experiment. On the other hand, the result of the band-structure calculations based on 7-layer slab model suggest the existence of two closely spaced bands, labeled as p 4 and p 4 in Fig. 2(a) , with nearly equal significant surface weights (>90%) with the Fermi level crossings at 0.82 and 0.88Å −1 (Table II) . These two bands (p 4 and p 4 ) both exhibit the predominant d z 2 orbital character (i.e. even states), hence the expected visibility in the experimental band structure taken in the p-polarized geometry. This apparent discrepancy that the closely spaced double bands are not observed in ARPES is resolved by comparing the calculations based on the slab models of different thickness. Figure 3(a) shows the overlay of the calculated band structures using 7-, 9-, and 13-layer slab models. In this comparison, it is seen that the p 4 band found in the 7-layer slab calculation remains nearly unchanged as the slab thickness is increased, which is evidence of surface localization of the p 4 band. However, the wave vector position of the p 4 band is seen to be sensitive to the slab thickness, indicative of the greater bulk-band structure attributes of the p 4 band. The calculated projected bulk band structure [ Fig. 3(b) ] further verifies this assignment. It is evident in this calculation that the bulk bands exhibiting the dispersion similar to p 4 bands are present in the region of the p 4 and p 4 bands. Thus, the comparison of the calculated band structures among the different slab thickness as well as the projected bulk band structure leads us to identify the p 4 band in the 7-layer calculation [ Fig. 2(a) ] as the band from the bulk continuum that appears near the p 4 surface-derived band. Furthermore, since the surface-derived p 4 band lies within this bulk continuum, which shares the same symmetry with that of the p 4 band, this band is likely identified as surface resonance, not the true surface band. Figure 2 (e) shows the experimental ARPES band mapping taken along the¯ −X direction with the s-polarized geometry. It is evident that the band structure acquired in the s-polarized geometry is significantly different from that taken with the p-polarized geometry. In Fig. 2(e) , there is a distinct band (labeled as s 1 ) with downward dispersion (towards greater binding energy) away from¯ . Note that the s 1 band loses most of its intensity between 0.5 and 1.2 eV. The results of the band-structure calculation are shown in Fig. 2(d) , where the states with noticeable surface weight are marked with blue symbols and the electronic states clearly identified as odd (A ) with respect to the xz plane are marked with blue triangles. The position of the Fermi level crossing for this band (s 1 ) is in respectable agreement with the calculation for both clearly discernable parts (above 0.5 eV and below 1.2 eV) of this band, as seen in Fig. 2(f) and Table II . Since the incident light polarization lies along the y axis for the s-polarized geometry, by the selection rules (Table I) , the symmetry of this electronic state is identified to be odd under the reflection about the xz plane (A ). The strong photoemission intensity of this downward-dispersing band in the experimental band structure in the s-polarized geometry is in agreement with our expectations from the calculation (odd states are signified with blue triangles). We suggest that the s 1 band originates mostly from the bulk state continuum above 0.5 eV, as the calculated projected bulk band structure also reproduces the bands with very similar dispersions and positions to those of the s 1 band, as shown in Fig. 3(b) . On the other hand, the lower part (below 1.2 eV) of the s 1 band should contain noticeable surface weight as it is only reproduced in the surface slab calculations [ Fig. 3(a) ], but not in the bulk calculation.
The band structure calculations also predicts the existence of the shallow band crossing the Fermi level at 0.40 and 0.62Å −1 , much like an electron pocket [labeled as s 2 in Fig. 2(d) ]. This band is predicted to be of odd reflection parity (hence is expected to be visible only in the experimental band structure taken in the s-polarized geometry). The s 2 electron pocket is likely observed as the glowing region in 155435-5 the experimental band structure obtained in the s-polarized geometry [ Fig. 2(e) ]. Although the 7-layer slab calculation indicates the discernable surface weight of this band (between 62% and 77% depending on the wave vector k ), we find in the comparison of 7-, 9-, and 13-layer slab calculations that the position of the band in wave vector k [but not its shape, that is to say the dispersion in E(k)] exhibits a noticeable dependence on the slab thickness, as seen in Fig. 3(a) . Furthermore, the projected bulk band calculation [ Fig. 3(b) ] reproduced the bands of very similar characteristics (i.e. the electron-pocket-like bands between 0.4 and 0.7Å −1 that shifts vertically as a function of k ⊥ ). Thus, it is likely that the band labeled s 2 , identified in ARPES band mapping and the calculations based on the 7-layer slab [ Fig. 2(d) and 2(e)], is part of the projection of a bulk band. It is worthwhile to note, at the same time, that the s 2 band is predicted to exhibit fairly steep dispersion along k ⊥ , as can be seen from the large spacing among the s 2 projected bulk bands in Fig. 3(c) . Such steep dispersion in k ⊥ direction may have caused the spread of ARPES intensity in the wide range, as seen Fig. 2(e) .
B. The band structure along the¯ −Ȳ direction
Due to the large in-plane interatomic distance along the 1 10 direction (4.45Å), the electronic band structure along the¯ −Ȳ direction is expected to be much less dispersive than in the 111 direction (the¯ −X direction). This general tendency is evident in the experimental as well as in the calculated band structures, as shown in Fig. 4 . Along the¯ −Ȳ direction, we note that the vector potential of incident light in the p-polarized geometry lies within the yz plane, and that of the s-polarized geometry lies along the x axis. This dictates the selection rule for the ARPES along the¯ −Ȳ direction, as summarized in Table I . Figure 4(b) shows the experimental band structure obtained along the¯ −Ȳ direction with the p-polarized incident light geometry. The characteristic crossing of the bands (band folding) seen at k = 0.70Å −1 and binding energy = 2.3 eV (2.4 eV in calculated band structure) experimentally places the edge of the surface Brillouin zone (Ȳ) and is consistent with the value determined from the surface structure (0.706Å −1 ). Of particular interest in the band structure along the¯ −Ȳ direction is the distinct parabolic band centered at¯ , crossing the Fermi level at 0.34Å −1 (labeled as y 1 ). This band is only evident in the ARPES band mapping obtained in the p-polarized geometry, indicating that the y 1 band is of even symmetry with respect to the yz reflection (A ) away from and is of A 1 or B 2 symmetry at¯ (see Table I ). The calculated band structure, in Fig. 4(a) (where again bands with significant surface weight are marked by blue symbols, and even symmetry states are marked by blue circles), shows good general agreement with the experimental band structure as shown in Fig. 4(c) . In particular, there is an excellent agreement for the y 1 band in terms of dispersion, the placement of the Fermi level crossing (k F = 0.36Å −1 in theory), as well as the reflection parity away from¯ [i.e. calculated to be even as signified by the circles in Fig. 4(a) ]. Furthermore, the band structure calculation reveals the predominant d z 2 orbital character and the noticeable surface weight (81%) for the y 1 band near the Fermi level.
To further verify the surface or bulk origin and weight of the y 1 band, band-structure calculations based on different slab thickness as well as the projected bulk band structure calculations were performed and compared for the¯ −Ȳ direction. Figure 5(a) shows the overlay of slab calculations based on 7-, 9-, and 13-layer models. The y 1 band exhibits noticeable dependence on the slab thickness in the calculated band structure in terms of position and dispersion, an indication of bulk weight. On the other hand, the projected bulk band calculation, shown in Fig. 5(b) , is not in good quantitative agreement with the y 1 band observed in ARPES. The ARPES band mapping is not expected to give precise agreement with the bulk band structure mapped along the straight line in bulk Brillouin zone because the sampling depth of k ⊥ in ARPES varies with the wave vector parallel with the surface for photoemission as a single photon energy; but even with this consideration in mind, quantitative agreement between the ARPES and the calculated bulk band structure is absent, particularly near the Fermi level. Such a discrepancy between experiment and theory may have arisen from two artificial effects of bulk and slab calculations that (1) the bulk calculation does not take into account any mixing of the states with surface-derived states, and (2) the present slab calculation does not properly include the mixing of the surface states with the bulk continuum for any weak surface resonance that penetrates into bulk more than 13 layers. We tentatively suggest that the y 1 band be identified as weakly surface weighted, particularly near the Fermi level (i.e. where the agreement between the bulk/slab calculations and ARPES is relatively poor). Figure 4 (e) shows the ARPES band mapping taken along the¯ −Ȳ direction with the s-polarized geometry. In this experimental band structure, there is no distinct band crossing the Fermi level. Although there is noticeable continuous swath of photoemission intensity, which resembles an hourglass shape between 0.3 and 0.4Å −1 near the Fermi level, this is likely a contribution from the projected bulk bands, as is suggested by comparison with the bulk band structure calculation in Fig. 5(b) . As seen in Figs. 4(d) and 4(f), the band structure obtained by ARPES and the calculated band structure are in general agreement. The upward-dispersing band and the downward-dispersing band that merge atȲ near 2.3 eV, in Fig. 3(f) , are most likely derived largely from the projected bulk bands. These bands are reproduced in the calculated projected bulk band structure. Since these bulk bands are only distinct in the s-polarized spectrum, they are experimentally identified as of odd symmetry.
C. The electronic states near¯
There are a number of distinct states observed near¯ . Since the pertinent point group symmetry at¯ is C 2v , the symmetry of the electronic states at this point can be classified into A 1 , A 2 , B 1 , and B 2 representations, as opposed to the even (A ) and odd (A ) classifications along the¯ −X and the¯ −Ȳ directions. The utilization of the photoemission selection rules (Table I) allows us to clarify the symmetry properties of the electronic states at¯ . Figure 6 shows the energy distribution curves (EDCs) of the photoemission spectra at¯ (integrated over ± 0.01Å −1 ) for the four distinct incident light polarizations (the polarization of vector potential 155435-6 A for each EDC is noted in the legend). The peak at around the binding energy of 1.0 eV is identified in the spectra (b) and (c) in which the light polarization lies within the yz plane and along the y axis, respectively. The absence of this peak in the other two spectra is consistent and thus indicates that this state, at 1.0 eV binding energy near¯ , is of B 2 symmetry. It was previously reported that the position of this band exhibited noticeable periodic photon energy dependence in the range of 18-83 eV. 25, 26 Since our band structure calculations show the relatively low surface weight of 56-67% (note that the surface weight of this band near the Fermi level is estimated to be 81% along¯ −Ȳ), this band at 1.0 eV binding energy near¯ is identified either as a projected bulk state or a surface resonance that is strongly hybridized with the bulk bands.
There is another peak at 1.5 eV binding energy near , which is pronounced only in the spectra (a) and (b) of Fig. 6 . From the selection rules, this state is most likely of A 1 symmetry character. In fact, this is consistent with the previously suggested symmetry of this state as inferred from 155435-7 FIG . 5. (a) The overlay of the calculated band structures alonḡ −Ȳ direction based on 7-, 9-, and 13-layer slab models, which is expected to show the surface-derived bands as well as some of the bulk bands. (b) The projected bulk band structure of Mo(112), which is composed of the band structures calculated along 1 10 direction (i.e. parallel to¯ −Ȳ) at 10 different k ⊥ . The bands identified in AREPS band mapping and calculated band structure based on 7-layer slab model ( Fig. 4 ) are labeled correspondingly.
the angular dependence of the photoemission intensity in the earlier study. 26 It was also reported that this state exhibited only weak, but discernable, photon energy dependence. 26 In fact our calculation identifies the significant surface charge localization for this state (87-92%), and thus we suggest attributing the observed state, at a binding energy of 1.5 eV, to a surface resonance state.
It is important to point out that the symmetry identification of the band at the binding energy of 1.0 eV at¯ (B 2 ) requires that, while the p 2 band along¯ −X [Figs. 2(a) and 2(b)[and the y 1 band along¯ −Ȳ [Figs. 4(a) and 4(b)] both reach¯ at around 1.0 eV binding energy, these two bands should not actually meet (or become degenerate) at¯ , unless there is an accidental degeneracy. The reflection parity of a B 1 state is odd with respect to the xz plane, but even with respect to the yz plane. However, since the reflection parity of the p 2 band is identified as even with respect to the xz plane, the symmetry of the p 2 band is incompatible with the state found at 1.0 eV binding energy. Thus, the state of B 2 symmetry found at¯ , in Fig. 6 , must be attributed to the y 1 band but not to the p 2 band. Therefore, the vanishingly small ARPES intensity of the p 2 band near¯ cannot a priori be associated with photoemission selection rules.
V. COMPLICATIONS TO THE EXTRACTION OF ELECTRON-PHONON COUPLING FROM THE BAND STRUCTURE OF MO(112)
It was recently reported that there was a surface-weighted band along the¯ −X direction on Mo(112), which exhibits an anomalously large distortion near the Fermi level in ARPES band mapping utilizing largely p-polarized synchrotron light source (photon energy = 18 eV). 28 Such distortion of the band was believed to originate solely from the band renormalization due to electron-phonon coupling on the surface. In a subsequent study, 11 the Fermi level crossing of this band was estimated to be about 0.54Å −1 , and due to the previously reported presence of the surface-sensitive band at around 0.59Å −1 (Refs. 25 and 26) [which we now identify as the p 2 band as in Figs. 2(a) and 2(b)], this band was mistakenly identified as the surface-weighted band. The present study, which reveals the details of band structure over the entire surface Brillouin zone (SBZ) along the¯ −X direction, identifies this band (described in Ref. 11) as the largely bulk-derived p 1 band [Figs. 2(a) and 2(b)]. Therefore, the characterization of this band 11, 28 as surface weighted is false, as it does not conserve two-dimensionality of state and retains significant photon energy dependence. We now believe that the observed band with anomalously large distortion near the Fermi level 11,28 is more correctly identified as containing significant bulk weight. Therefore, the electron-phonon coupling parameters extracted from this band should be attributed mostly to the bulk Mo rather than Mo(112) surface.
The detailed analysis 11 of the apparent renormalization of this bulk-weighted band (believed to be surface weighted at the time), with the Fermi level crossing in the region of 0.48 ± 0.08Å −1 , provided the mutually consistent real and imaginary parts of self energy (i.e. they are related by the Kramers-Kronig relation). Some of the quantitative features of this apparent mass enhancement in the band structure near the Fermi level, however, are inconsistent with the recent theoretical calculation of the electron-phonon coupling for the bulk Mo. 62 The most evident discrepancy is in the Debye temperature ( D ) of Mo. Both calculations 62, 63 and experiments 28, 64 give the estimates D = 33-35 meV, but the detailed analysis of the mass enhancement of surface resonance band with the Fermi level crossing at 0.54Å −1 yielded D ∼ 60 meV. Considering the strength of Eliashberg function of Mo 62 and the temperature of the sample (now estimated to be about 170 K), the observed distortion is anomalously large compared to the expectations for the binding energy above 10 meV.
With much better understanding of details of the Mo(112) band structure, it is now clear that there is a shallow band that likely originates from bulk continuum [marked as s 2 in Figs. 2(d) and 2(e)], much like an electron pocket, that crosses the p 1 band in the vicinity of the Fermi level along thē −X direction. Since the observed electron pocket (s 2 ) is of odd symmetry, it remains largely absent in the ARPES band mapping taken with p-polarized light [ Fig. 2(b) ]. Although in principle, the p 1 band and s 2 electron pocket are not expected to hybridize due to the symmetry restrictions, the small imperfections in the linear polarization of light source could lead to a contribution of the odd-symmetry s 2 electron pocket to the spectral weight of the p 1 band observed in p-polarized light. In addition, the spin-orbit coupling on Mo(112) surface may give rise to the relaxation of the dipole selection rule (i.e. relativistic effects for the selection rule must be considered), since such corrections are known for metals of lower atomic number than Mo (e.g. Cu). [65] [66] [67] [68] [69] This small leakage of ARPES intensity from the odd-symmetry band into the p-polarized spectrum could be problematic when an accurate extraction of position and width of this band in the vicinity of the Fermi level is required, as is the case for the determination of electron-phonon coupling parameters.
The presence of the bulk band structure electron pocket near the Fermi level should create difficulties for extraction of electron-phonon coupling, especially if the spectral interference is not uniform in the region of the p 1 band close to the Fermi level (binding energy <100 meV and k ≈ 0.47Å −1 ). This is the case in the present ARPES study with a photon energy of 22 eV. We believe such nonuniform spectral contributions of the s 2 electron pocket to the p 1 band in the recent experiment 11 could partly account for the observation of anomalously large distortion of the p 1 band and the apparently unusual electron-phonon coupling parameters. It is important to consider the possibility of spectral interference that may obscure accurate extraction of some of the parameters (e.g. Debye temperature) relevant to the electron-phonon coupling on Mo.
We must pay extra attention to the possible interaction between the bands as well as the possibility of multiple spectral contributions to the experimental band mapping before drawing any conclusion on the electron-phonon coupling parameters of this band. Thus, the complexity of the band structure of Mo(112) may impose potential difficulties in the experimental characterization of electron-phonon coupling on this surface, yet with a complete identification of the surfaceand bulk-derived bands, there is now hope for a measurement condition better suited for experimental characterization of the electron-phonon coupling parameters.
In order to extract the electron-phonon coupling parameters for Mo(112) surface, it is critical to carefully investigate the surface-weighted band(s) in the close vicinity of the Fermi level (>100 meV). Using the present band identification, there are strongly surface-weighted bands that include the p 2 and p 4 bands along¯ −X direction and the y 1 band along¯ −Ȳ direction. For the p 2 band, any investigation of electron-phonon coupling and resulting band renormalization investigation must be done carefully, as the s 2 electron pocket may obscure the band features pertinent to the electron-phonon coupling. Utilizing different photon energies in photoemission probes the bulk band structure at different depths in k ⊥ . So a possible strategy to minimize such interference from the projected bulk band structure is to choose an appropriate photon energy for which the bulk electron pockets does not yield noticeable nonuniform intensity near the Fermi level and where the photoemission exhibits higher surface sensitivity (say some photon energies greater than 22 eV), but above all characterize bands which are unlikely to hybridize with the bulk band structure. The p 4 band crosses the Fermi level with significant surface weight and is not complicated by contributions from close or overlapping bands, at least in the present ARPES band mapping (the projected bulk states seem to contribute to relatively uniform background intensity), and the extraction of the electron-phonon coupling parameters may be more easily realized. The y 1 band (tentatively identified as surface resonance band) seen along the¯ −Ȳ direction is also predicted to lie close to other bands near the Fermi level according to the present calculation [ Fig. 4(a) ].
VI. SUMMARY
The band structures along the two high-symmetry directions,¯ −X and¯ −Ȳ, are shown to be significantly different, which is expected and serves to verify the strong anisotropy of the surface of Mo(112). By utilizing the lightpolarization dependence of ARPES spectra and the dipole selection rules, the symmetry character of some bands are identified and seen to be in good agreement with the expectations. Our study suggests the existence of at least two surface resonance bands along the¯ −X direction (with k F = 0.59 and 0.81Å −1 ) and one along the¯ −Ȳ direction (with k F = 0.34Å −1 ). Although investigations of the surface-weighted bands are critical in determining the detailed picture of electron-phonon coupling on Mo(112) surface, the complexity of the surface and projected bulk band structures of Mo(112) implies a number of possible experimental difficulties arising from the interferences of spectral distributions of closely located bands not previously recognized. We believe that the present band structure characterization of Mo(112) serves to better guide the future investigations on electron-phonon coupling as well as other many-body interactions of this surface.
